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A R T I C L E I N F O
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A B S T R A C T
We are developing a neutron polarizer with polarized 3He gas, referred to as a 3He spin filter, based on the SpinExchange Optical Pumping (SEOP) for polarized neutron scattering experiments at Materials and Life ScienceExperimental Facility (MLF) of Japan Proton Accelerator Research Complex (J-PARC). A 3He gas-filling stationwas constructed at J-PARC, and several 3He cells with long spin relaxation times have been fabricated using thegas-filling station. A laboratory has been prepared in the MLF beam hall for polarizing 3He cells, and compactpumping systems with laser powers of 30 W and 110 W, which can be installed onto a neutron beamline,have been developed. A 3He polarization of 85% was achieved at a neutron beamline by using the pumpingsystem with the 110 W laser. Recently, the first user experiment utilizing the 3He spin filter was conducted,and there have been several more since then. The development and utilization of 3He spin filters at MLF ofJ-PARC are reported.
1. Introduction
A 3He spin filter is a neutron polarization device in which polarized
3He gas is enclosed in a special glass cell that does not contain boron.
3He spin filters are widely used to polarize neutrons and analyzeneutron spins in neutron scattering experiments because of its capabil-ities to polarize neutrons in broad energy range and cover wide solidangle [1–6]. Since 3He nuclei have a strongly spin-dependent neutronabsorption cross section, neutrons passing through polarized 3He gasare polarized. 3He nuclei are polarized using laser techniques knownas Spin Exchange Optical Pumping (SEOP) [7] or Metastability OpticalPumping (MEOP) [8]. In SEOP, 3He gas, N2 gas, and pure rubidium orrubidium and potassium are encapsulated within a glass cell. The Rbor Rb-K cells are heated to around 170 ◦C or 220 ◦C, respectively, toevaporate the alkali metals, and circularly polarized laser light irradi-ates the cell. Unpaired electrons of alkali atoms are polarized by opticalpumping, and the spins of the electrons are exchanged with those of
3He nuclei by hyperfine interaction. A diode laser array with outputpower on the order of 100 W and a wavelength of 794.7 nm, which
∗ Corresponding author.E-mail address: okudaira@post.j-parc.jp (T. Okudaira).
corresponds to the D1 absorption line of Rb, is typically employed. The
3He polarization can be improved by using Rb-K compared to the pureRb case because of the high optical pumping efficiency of Rb-K [9].When the laser irradiation is stopped, the 3He polarization exponen-tially decays due to non-uniformity of the surrounding magnetic field,collisions of 3He atom with each other, and collisions of 3He atoms withimpurities in the glass cell and a glass wall.Ex-situ and in-situ methods are used for 3He spin filters with SEOP.In the ex-situ method, a 3He cell is polarized in a pumping stationaway from a neutron beamline, transferred in a magnetic cavity tokeep the 3He polarization, and installed to a neutron beamline. Sincethe 3He polarization decays during a neutron experiment, the 3Hecell needs to be periodically exchanged with another polarized 3Hecell for long-running experiments. However, the advantage of usingex-situ method is that it can be used for a neutron beamline withlimited space, and the installation of the instrument is straightforward.This is beneficial at spallation neutron sources, which generally havesmall experimental spaces. As there are many experiments with short
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Fig. 1. The schematic diagram of the gas-filling station to fabricate 3He cells.
measuring time at intense neutron beam facilities, those may be donewithout re-polarizing the 3He cell. In order to keep high 3He polariza-tion during the experiment, a long relaxation time of 3He polarizationis required, which makes details of the fabrication process of the 3Hecells important.On the other hand, in the in-situ method, the 3He cell is installedalong with a laser system onto a neutron beamline. This method issuitable for longer experiments because a stable 3He polarization can bemaintained for weeks. However, a larger space compared to the spacerequired for the ex-situ method is needed, and the safety regulationsinvolving the use of high powered lasers on a neutron beamline mustbe considered. For details of the technique for optically polarized 3Heand its application, please see a reviewed paper Ref. [10].At MLF of J-PARC, world class intense pulsed neutron beams areprovided to 23 neutron beamlines, and many neutron scattering exper-iments are conducted [11]. In Japan, the fundamental development of
3He polarization technique based on SEOP began in the 1990s [12],and further development is still ongoing by Ino et al. at High EnergyAccelerator Research Organization [13–17]. An in-situ SEOP systemdedicated for a polarized neutron spectrometer POLANO [11,18] atbeamline No. 23 has been developed, and now under commission-ing [15,16]. In order to promote user experiments using 3He spin filterson the other beamlines at MLF, we are carrying out the development of
3He spin filters with both in-situ and ex-situ methods for their versatileuses on site at J-PARC. Experiments demonstrating their use have beenperformed on several beamlines. User experiments and fabrication of
3He cells have recently begun. In this paper, we report developmentand utilization of 3He spin filters at MLF of J-PARC.
2. Gas-filling station
As mentioned in the previous section, a clean gas-filling station andfabrication process without impurities are important for a 3He cell withlong relaxation time. The first gas-filling station was constructed in2018 at J-PARC. The schematic diagram of the gas-filling station isshown in Fig. 1. All the gas lines are wrapped with heaters for vacuumbake-out. An ultimate pressure of the gas-filling station was 5×10−8 Paafter baking at 150 ◦C for a few days.Boron-free aluminosilicate GE180 glass is widely used for the glasscell of a 3He spin filter due to a small wall relaxation effect and lowpermeability of 3He [4,19–21]. Our fabrication process of 3He cells issimilar to those of NIST, JCNS, and ORNL [19–21]. A cylindrical-shapedglass cell made of GE180 is attached to a glassware made of Pyrex glass,which is referred to as ‘‘string’’, (Fig. 2). The glass cell and the string arerinsed with neutral detergent, pure water, acetone, and alcohol beforeconnecting to the gas-filling station. Rubidium and potassium ampoules
Fig. 2. The glassware used to fabricate a 3He cell. The ampoules are put in the partslabeled as K ampoule and Rb ampoule in the figure. The glass cell made of GE180 isattached to the string made of Pyrex at the top of the glass cell. The string is connectedto the pumping station using a Swagelok connector at the metal tube.
Fig. 3. 3He cell (Sekichiku) fabricated at J-PARC.
Table 1List of 3He cells using rubidium and potassium with long relaxation times at J-PARC.Name Dimensions [mm] 3He pressure [atm] 𝑇1 [h]Chidori 𝜙45 × 75 3.1 201Karigane 𝜙45 × 75 3.1 180Sekichiku 𝜙60 × 60 3.1 175Hanabishi 𝜙40 × 90 3.1 165
are also rinsed with acetone and alcohol. After connecting the stringto the gas-filling station, the ampoules are put in the string withoutbreaking the ampoules, and the string is sealed off with a gas torch. Theampoules are broken in a nitrogen atmosphere by dropping hammersmade of an iron rod covered with glass. The string and the glass cellare baked out for a week at 200 ◦C and 400 ◦C, respectively. In thenext step, rubidium and potassium are distilled to retorts at 200 ◦Cand 220 ◦C, respectively, by using the heaters. After that, the glasstube parts containing ampoules and hammers are pulled off with a gastorch. The glass cell and the string are baked out again for one week,and then the alkali metals in the retorts are distilled to the glass cell.Finally, 3He and N2 gases purified using GC50 getters (SAES Getters)are filled to the glass cell, and the glass cell is sealed off by placing a gastorch at the Pyrex part. When encapsulating the gases above 1 atm, theglass cell is submerged in liquid nitrogen to keep the pressure inside theglass cell below 1 atm while sealing. So far, nine 3He cells have beenfabricated with 3He pressures of 3.1 atm using the gas-filling stationat J-PARC, and four of them have found to have spin relaxation timesover 150 hours. A list of these 3He cells and a photograph of Sekichikucell are presented in Table 1 and Fig. 3, respectively.
2
T. Okudaira, T. Oku, T. Ino et al. Nuclear Inst. and Methods in Physics Research, A 977 (2020) 164301
Fig. 4. (a) Cross-sectional view of the 𝐵0 coil and the NMR coils. The magnetic shields are made from permalloy and its thicknesses are 2 mm. A static magnetic field is generatedwith the 𝐵0 coil to keep 3He polarization. The drive coil is used to generate an oscillating magnetic field to flip 3He spins with AFP-NMR, and the spin flip signal is detected withthe pick-up coil. (b) A photograph of the inside of the coil with the 3He cell and the NMR coils.
3. NMR and pumping systems
3.1. 𝐵0 coil and NMR system
To keep the 3He polarization, a coil with double magnetic shields,referred to as 𝐵0 coil, is mainly used for the laser pumping [22]. Fig. 4shows a cross-sectional view of the 𝐵0 coil and a photograph of itsinterior. The coil is consisting of a main solenoid, two compensationcoils, and two side coils. The dimensions of the 𝐵0 coil are 29.2 cm indiameter and 36.8 cm in length. The 𝐵0 coil was designed using thefinite element method to make the field gradient less than 5×10−4 /cmin a cylindrical region with a diameter of 10 cm and a length of 10 cmat the center of the coil. A magnetic field of 1.5 mT is produced to keepthe 3He polarization. Frequency-sweep Adiabatic Fast Passage(AFP)-NMR was employed to flip the 3He spin as well as to evaluate the 3Hepolarization [17]. A cosine winding is used as a drive coil to apply anoscillating magnetic field to the 3He cell. The 3He precession signal isdetected by a pick-up coil located under the 3He cell. The coils wereinstalled inside the 𝐵0 coil as shown in Fig. 4. The polarization lossdue to spin flip was measured as 3.8 × 10−5 per flip. The 3He cellis heated by electrical heating using a rubber heater with a power of100 W wound around the drive coil during optical pumping.
3.2. Pumping station at MLF
We have set up a laboratory in the MLF beam hall to polarize 3Hecells. 3He cells polarized at the laboratory can be provided to neutronbeamlines in MLF. A pumping system using an air-cooling laser modulewith a laser power of 30 W [23] has been installed in the laboratory(Fig. 5). The dimensions of the pumping system are 60 cm × 60 cm
× 40 cm, and it is used for both in-situ and ex-situ methods. Using avolume Bragg grating (VBG) element in the laser module, the centerwavelength of the laser is tuned to 794.7 nm with a line width of0.2 nm in Full Width at Half Maximum (FWHM). The laser light iscircularly polarized using a quarter-wavelength plate installed in themodule. The polarized laser light from the laser module is reflectedby dielectric multi-layer coated quartz mirrors and irradiates the 3Hecell. The temperature at the cell surface is kept about 170 ◦C for apure Rb cell and about 210 ◦C for a cell with rubidium and potassiumduring optical pumping. A 3He polarization of ∼70% is achieved withthis laser system. A polarization measurement system using ElectronParamagnetic Resonance (EPR) [24] is also equipped.
3.3. Pumping system using a fiber laser
In order to achieve higher 3He polarization, we have developeda separate pumping system using a fiber laser made by DILAS DiodeLaser, Inc. (M1F4S22-794.7.[0,6]-100C-IS9), as shown in Fig. 6. Thepumping system using this fiber laser has been constructed at anotherlaboratory in the J-PARC research building, about 30 m away from theMLF experimental hall. This fiber laser is an air-cooled diode laser witha maximum output power of 110 W. The center wavelength is tuned to794.7 nm with a line width of 0.4 nm in FWHM using a VBG element.An optical fiber with an internal diameter of 400 μm is connected tothe laser shield box. An unpolarized laser beam from the fiber exitis split into two paths by a polarized beam splitter. The laser beamsare circularly polarized with quarter-wavelength plates. The polarizedlaser beams irradiate both sides of a 3He cell. The degree of circularpolarization in each path was measured using a polarimeter as morethan 98% at the 3He cell position. The dimensions of the pumpingsystem are 70 cm × 70 cm × 40 cm, and it can also be used for thein-situ method. The pumping system is currently used only for the ex-situ method, and will be installed in the laboratory at MLF in the nearfuture after following a safety review.
4. Performance evaluation of the 𝟑He spin filter
We conducted an experiment at the NOBORU beamline [11,25],which is a test neutron beamline for general purpose, to evaluate the
3He polarization for the Chidori cell, which has the longest 𝑇1 as shownin Table 1. The 3He cell was polarized using the pumping system withthe fiber laser at J-PARC research building. Time evolution of the 3Hepolarization 𝑃He(𝑡) during optical pumping can be described as
𝑃He(𝑡) = 𝑃∞He(1 − exp(−𝑡∕𝜏)), (1)where 𝑡 is the time from the start of optical pumping, 𝑃∞He is the 3Hepolarization at 𝑡 → ∞, and 𝜏 is a polarization build-up time. The timeevolution of the 3He polarization in this experiment is shown in Fig. 7,and the build-up time 𝜏 was 3.5 hours. For reference, the typical build-up time is 6.5 hours when the pumping system with 30 W laser isused.After the 3He polarization was saturated, the 3He cell, the 𝐵0 coil,and the NMR system were transferred to the NOBORU beamline inMLF while applying a magnetic field to the 3He cell using a battery tokeep the 3He polarization. Neutron transmission was measured usinga Gas Electron Multiplier (GEM) detector [26] for the polarized andunpolarized 3He cell as well as for an empty glass cell with the same
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Fig. 5. (a) Compact pumping system which can be installed on a neutron beamline. The optical system has been constructed in the laser shield box. (b) Air cooling laser module.The laser power is 30 W.
Fig. 6. (a) Schematic diagram of the pumping system using a fiber laser. (b) Photograph of the pumping system. The optical system was constructed in the laser shield box.
Fig. 7. Time evolution of the 3He polarization measured by AFP-NMR during opticalpumping. The 3He polarization saturates at about 24 h after the start of the laserirradiation. The temperature at the surface of the cell was 205 ◦C during opticalpumping.
dimensions. The number of the transmitted neutrons through the 3Hecell is described as [27]
𝑁0𝑇cell𝜖(𝜆) exp(−𝜌𝑑𝜎(𝜆)) cosh(𝑃He𝜌𝑑𝜎(𝜆)), (2)
where, 𝑁0 is the number of incident neutrons, 𝑇cell is the transmissionof the cell windows, 𝜖(𝜆) is the detection efficiency of the GEM detector,
𝑃He is 3He polarization, 𝜌 is the number density of 3He nuclei, 𝑑 is
the thickness of 3He gas, 𝜎(𝜆) is the absorption cross section of the
3He nucleus for unpolarized neutrons, and 𝜆 is the wavelength ofincident neutrons, which is calculated from the time of flight. Theratio of transmitted neutrons for the polarized to unpolarized 3He cell











where 𝑃𝑛 is the polarization of neutrons passed through the polarized
3He cell, 𝑇 is the transmission of polarized 3He cell, and 𝑇0 is thetransmission of the unpolarized 3He cell. The transmissions 𝑇0 and 𝑇
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Fig. 8. Ratio of the numbers of transmitted neutrons for the polarized to theunpolarized 3He cell. The red line shows the best fit. The error bars show the statisticaluncertainty.









where 𝑁cell is the transmitted neutrons for the empty glass cell. Theneutron wavelength dependence of the neutron polarization and theneutron transmission are shown in Fig. 9. Each measurement took15 min. The relaxation time 𝑇1 on the beamline was 170 h, which wasmeasured with AFP-NMR.
5. Trial and user experiments using 𝟑He spin filter
We have carried out several trial experiments with in-situ and ex-situ SEOP methods at neutron beamlines of MLF [28–31]. In 2017, the
3He spin filter was first supplied to a user experiment. Although nouser experiment was conducted in 2018, five user experiments wereperformed in 2019–2020. Neutron beamlines, where we conductedexperiments using 3He spin filters, are listed in Table 2. In this section,we report on experiments performed on typical beamlines at MLF using
3He spin filters, including the results already reported. The experimentsprior to 2020 were conducted using the pumping system with the 30 Wlaser, while the pumping system with the 110 W laser was used with ex-situ method in the experiments conducted in 2020. The pumping systemwith the 30 W laser used for the in-situ experiments described in thissection will also be replaced by that with the 110 W laser in the nearfuture.
5.1. BL10 NOBORU
A trial experiment for magnetic imaging was carried out [28] within-situ and ex-situ systems using 3He cell with pure Rb and the 30 W
Table 2List of neutron beamlines, where experiments were conducted with 3He spin filters.No. Name Purpose of beamline Type of 3He spin filter
04 ANNRI Nuclear reaction ex-situ05 NOP Fundamental physics ex-situ06 VIN ROSE Spin echo ex-situ10 NOBORU General purpose ex-, in-situ15 TAIKAN SANS ex-, in-situ17 SHARAKU Reflectometer in-situ18 SENJU Single crystal diffraction ex-situ22 RADEN Pulsed neutron imaging in-situ
laser as shown in Fig. 5. The in-situ system with a 3He cell of 17 atm⋅cmand the ex-situ system with 3He cell of 11 atm⋅cm were used as aneutron spin polarizer and analyzer, respectively. The dimensions ofthe 3He cells were 35 mm in diameter and 55 mm in length for both. Acoil with a 0.35 mm-thick ring-shaped magnetic steel core was placedbetween the polarizer and the analyzer as a sample. A two-dimensionalRPMT neutron detector [32] was set after the analyzer. The magneticfield applied to the sample was controlled with the current sent tothe coil. Two-dimensional images of the neutron polarization wereobtained, and obvious differences in the spin rotations of neutrons wereobserved as the wavelength dependence of the neutron polarization intwo current conditions, 𝐼 = 1.42 A and 𝐼 = 0 A. This result indicatesthat it is possible to perform an experiment for magnetic imaging with
3He spin filters at J-PARC .Furthermore, a study for magnetic atomic resolution holographywith polarized neutrons using a 3He spin filter is currently underway.Two user experiments for this study were conducted at NOBORU in2019–2020.
5.2. BL04 ANNRI
BL04 ANNRI [11,33] is a neutron beamline used for studies ofnuclear science such as nuclear data for nuclear technology, astro-physics, and quantitative analyses. A germanium detector assemblyusing 22 high-quality germanium crystals is installed on this beamlineto measure the (𝑛, 𝛾) reaction. Measurements of the (𝑛, 𝛾) reactionfor the study of fundamental symmetry violation in nuclei have beenconducted as a user experiment using a 3He spin filter [34–36]. A
3He spin filter with the ex-situ system was used to polarize epithermalneutrons to measure the (𝑛, 𝛾) reaction with polarized neutrons at the0.74 eV neutron resonance of 139La. A lanthanum sample was placed atthe center of the germanium detector assembly, and the emitted 𝛾-raysfrom the sample were detected by the germanium detectors. The 3Hecell, solenoid, and compensation coils with a magnetic shield made ofpermalloy were installed between the detector and a neutron collimator(Fig. 10). The magnetic field used to keep the 3He polarization wasperpendicular to the neutron beam in order to obtain a verticallypolarized neutron beam. The magnetic shield had two openings in thepath of the neutron beam to avoid a decay of the neutron polarization.Neutron polarization was held by the magnetic field produced withthe guide magnets to a lanthanum target. A 3He cell using pure Rbwith a pressure thickness of 19.3 atm⋅cm and dimensions of 50 mmdiameter and 70 mm length was used. The 3He cell was polarizedwith the 30 W laser system at MLF, and the 3He polarization at thestart of the measurement was typically 60%. The relaxation time ofthe 3He polarization was 130 h. In 2019, as a result of three separatemeasurements using the 3He spin filter, a significant spin-dependentangular distribution of 𝛾-rays from the 0.74 eV neutron resonance of139La was observed [36].Furthermore, a (𝑛, 𝛾) reaction measurement using polarized ep-ithermal neutrons to obtain nuclear data for reactor science is beingplanned, and the development of a 3He cell for epithermal neutrons isan ongoing process.
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Fig. 10. Photograph of the ex-situ system installed at ANNRI beamline. The coilwrapped with permalloy sheets, NMR system, and 3He cell were placed between theiron shields.
Fig. 11. Photograph of the in-situ system installed at SHARAKU beamline.
5.3. BL17 SHARAKU
A trial experiment using the in-situ system on a beamline for neu-tron reflectometry: BL17 SHARAKU [11,37] was performed [28]. TheSHARAKU beamline has a neutron polarizer and an analyzer consistingof supermirrors. Some of the supermirrors are stacked vertically inorder to cover a wide area, which analyze the scattered neutron spinswith wavelengths longer than 0.2 nm. However, some neutrons, whichtransmitted through the supermirrors are scattered by the supermir-rors, and spacial distribution of neutrons reflected from a sample isdisturbed. A 3He spin filter was used as the analyzer instead of thesupermirrors to reduce uncertainty produced with the supermirrors(Fig. 11). The 3He cell using pure Rb with a pressure thickness of11.1 atm⋅cm, diameter of 35 mm, and length of 55 mm was used. AFe-Cr multi-layered thin film was used as a sample, and off-specularmeasurements were performed using the in-situ system. The 3He polar-ization was 60% during the experiment. The in-situ system successfullydemonstrated and worked stably over 4 days of the experimental time.The sample had been measured previously at ISIS, and we obtained theidentical results on SHARAKU. This satisfactory implies that our in-situsystem worked as designed.
5.4. BL06 VIN ROSE
BL06 VIN ROSE [11,38] is equipped with a modulated intensityby zero effort (MIEZE) spectrometer to analyze the slow dynamics ofcondensed matter by measuring the intermediate scattering function.Experiments using a combination of a MIEZE spectrometer and thetime of flight (TOF-MIEZE [39]) method have been carried out, andadditionally, polarization analysis of scattered neutrons by a sample isplanned in order to study spin dynamics by installing a spin analyzer.We installed a 3He cell after the sample position as an analyzer toconfirm that the 3He spin filter can be used for the MIEZE spectrom-eter [29]. The MIEZE signal was measured with and without the 3Hecell, and no difference was observed in the signal contrast. This result
Fig. 12. Photograph of the ex-situ system installed on the VIN ROSE beamline. Thepolarized neutron beam was scattered by the sample, and the spin of the scatteredneutron was analyzed with the 3He spin filter. The vacuum duct was wrapped withboron sheets to reduce background neutrons.
implies that diffusion of 3He gas does not affect the MIEZE signaland a 3He spin filter can be used as a second analyzer in the MIEZEspectrometer. Furthermore, in 2020, an experiment to measure the spindynamics of ferrofluid was conducted by using a 3He spin filter asshown in Fig. 12. The 3He polarization of 72% and relaxation timeof 120 h was achieved on this beamline in the experiment, and theanalysis is currently underway.
5.5. BL15 TAIKAN
BL15 TAIKAN [11,40] is a small and wide angle neutron scatteringinstrument. We conducted a trial experiment to measure coherent andincoherent scattering cross sections from hydrogen contained materialby analyzing scattered neutrons using the in-situ system [30]. Supermir-rors were installed upstream of the beamline as a neutron polarizer,and the 3He spin filter was used as a spin analyzer. Silver behenatewas used as the sample, and the 3He cell with pure Rb was placed120 mm downstream of the sample. The diameter of 3He cell was35 mm, the length was 55 mm, and the gas pressure was 3 atm. A stable
3He polarization of 68% was kept during the experiment. Scatteredneutrons reaching a part of the small-angle detector bank were spinanalyzed. The coherent and incoherent scattering components weresuccessfully separated by analyzing the scattered neutrons. Althoughthe trial experiment was successful, the solid angle of the 3He cell wasinadequate and the pressure–thickness was not suitable for the neutronwavelength used in TAIKAN. In order to cover a larger solid angle, anex-situ SEOP system using a larger 3He cell, which is to be placed 10 mmdownstream of the sample, is being prepared (Fig. 13). A new 3He cellwith rubidium and potassium has been fabricated with a diameter of60 mm, a thickness of 40 mm, and a gas pressure of 1.5 atm for coldneutrons. More trial and user experiments will be carried out in 2020.
5.6. BL21 NOVA
Experiments using 3He spin filters at BL21 NOVA [11,41], which isa total diffractometer, are also planned. NOVA is equipped with largesolid angle neutron detectors. The detectors and a sample are installedin a large vacuum chamber. We are planning to install two ex-situsystems upstream of the beamline and around the sample to performpolarized neutron scattering experiments. The schematic view of theex-situ systems at NOVA is shown in Fig. 14. The ex-situ system for thepolarizer is installed at the upstream of the beamline, and the neutronpolarization is held by the magnetic field produced with a guide coilto the sample. The scattered neutrons by the sample are analyzed withtwo 3He cells. This ex-situ system for the analyzer which can be installedto the vacuum chamber is developed as shown in Fig. 15. A sample issuspended from the top of the vacuum flange. The neutrons scatteredby the sample are analyzed with two 3He cells placed at a distance of20 mm from the sample. The stage for the 3He cells can be rotated
6
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Fig. 13. Photograph of an ex-situ SEOP system for a SANS experiment at TAIKANbeamline. The ex-situ system is equipped with a sample changer which can be usedto place up to six samples. The sample position is moved with the X-stage. The
3He polarization is kept by the Helmholtz coil. The 3He cell with the dimensions of
𝜙60 × 40 mm is placed at 10 mm downstream of the sample to cover a large solidangle.
Fig. 14. Schematic view from the top of the ex-situ systems at NOVA. A neutronbeam is polarized by the 3He cell installed upstream of the beamline, and the neutronpolarization is held by the magnetic field produced with the guide coil to the sample.The scattered neutrons by the sample are analyzed with two 3He cells.
so that the scattered neutrons of any angle can be analyzed. The 3Hepolarization is kept using the Helmholtz coil that produces 40 W ofheat. The heat from the coil flows to the flange through the 30 mm thickaluminum plates connected to the coil, and the flange is air-cooled. Athermal simulation of the ex-situ system in a vacuum was performed. Asa result of the simulation, the maximum temperature was determinedto be 76 ◦C at the bottom of the coil, which does not cause a problem.A test experiment using the ex-situ system will be carried out in 2020.
6. Conclusion
Development of 3He spin filters for user experiments are beingcarried out at MLF at J-PARC. The in-situ system using a 30 W laserhas been developed, and several trial experiments using 3He cells withpure Rb have been conducted. Recently, a gas-filling station has beenconstructed at J-PARC and several high quality 3He cells using rubid-ium and potassium were fabricated. Additionally, the pumping systemusing a 110 W fiber laser was developed. High 3He polarization of 85%was achieved on a neutron beamline using the 3He cell with rubidiumand potassium and the pumping system using the fiber laser. The firstuser experiment utilizing a 3He spin filter took place in 2017, and fiveuser experiments were conducted in 2019–2020. These experimentsare beginning to yield scientific results. Preparations are underway forfurther user experiments using 3He spin filters.
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